Yin-Yang-1 (YY1) is a member of the GLI-Krü ppel family of transcription factors, and both YY1 mRNA and protein expression have been identified in a number of different tissues and cell types suggesting that it is expressed both constitutively and ubiquitously. In epidermal tissue, however, we reported previously that YY1 protein is expressed at high levels in undifferentiated basal keratinocytes and is downregulated during differentiation toward the suprabasal layers. This differential expression pattern during keratinocyte differentiation suggests that YY1 may have an important role in regulating keratinocyte differentiation. In this study, we examined the role of YY1 in differentiation of the human keratinocyte cell line HaCaT using air-liquid interface threedimensional culture. The constitutive overexpression of YY1 in HaCaT cells during air exposure-induced differentiation resulted in an undifferentiated phenotype, thickening of the stratified layers, suppression of differentiation marker expression, and retention of proliferative activity. These findings suggested that YY1 may have an important role in maintenance of the undifferentiated phenotype of keratinocytes in the basal epidermal layer, and that reduction of YY1 expression in the suprabasal layers may allow keratinocytes to differentiate and move toward the upper layers of the epidermis.
INTRODUCTION
The epidermis is a self-renewing tissue that provides a fascinating system in which to study the processes involved in cell development and differentiation. An elaborate and defined program of differentiation leads to the structural and functional maturation of epidermal keratinocytes. Keratinocytes in the undifferentiated, innermost basal layer show high rates of proliferative activity, and these cells undergo cell cycle arrest finally executing a terminal differentiation program as they move through the epidermal layers. Analysis of epidermal differentiation has identified a set of genes that are transcribed only during certain stages of differentiation. Keratinocytes in the basal layer express keratin 5 (K5) and keratin 14 (K14) (Fuchs and Green, 1980; WoodcockMitchell et al., 1982) . Upon maturation to the spinous layer, K5 and K14 are downregulated and the genes encoding keratin 1 (K1) and keratin 10 (K10) are induced (Roop et al., 1983; Regnier et al., 1986) . As these cells differentiate into granular layer cells, they cease expression of K1 and K10, and show induction of late-differentiation products, such as filaggrin (Fisher et al., 1987; Rothnagel et al., 1987) , involucrin (Rice and Green, 1979) , and loricrin (Mehrel et al., 1990) .
Three-dimensional (3D) culture of keratinocytes has been used successfully for in vitro study of keratinocyte biology and pathology and has even been applied clinically (Boyce and Hansbrough, 1988; Alonso and Fuchs, 2003) . These cells were shown to form a stratified epidermoid structure and to undergo terminal differentiation when cultured at an air-liquid interface on a contracted collagen lattice containing dermal fibroblasts (Bell et al., 1981) .
Previously, we reported that YY1 protein is expressed at high levels specifically in undifferentiated basal keratinocytes and is downregulated during differentiation toward the suprabasal layers both in vivo and in vitro, and showed that YY1 binds to the negative regulatory element in intron 1 of the loricrin gene and functionally represses loricrin gene transcriptional activity (Xu et al., 2004) . In this study, we examined the role of YY1 in differentiation of the spontaneously immortalized human skin keratinocyte cell line HaCaT with formation of a stratified epidermoid structure in air-liquid interface 3D culture.
RESULTS

Expression profile of YY1 protein in HaCaT cells transfected with YY1 expression vector
To confirm the increase in level of YY1 protein expression in transfected HaCaT cells, immunoblotting was performed using nuclear extracts prepared from non-transfected HaCaT cells and HaCaT cells transfected with the empty vector pCMV (HaCaT-vector cells) or YY-1 expression vector pCMV-YY1 (HaCaT-YY1 cells). As shown in Figure 1a , YY1 was more abundant in the nuclear extracts of HaCaT-YY1 cells than in those of non-transfected HaCaT cells or HaCaT-vector cells.
HaCaT cells constitutively overexpressing YY1 formed an epidermoid epithelium with increased thickness in 3D culture
The 3D cultures of control HaCaT-vector cells grown for 4, 7, 10, and 14 days showed stratification mimicking the epidermal structure (Figure 1b , left column). On days 4, 7, and 10, the cultures showed 3-5 cell layers, and on day 14 up to 7-8 cell layers with some cells infiltrating into the upper dermis. With increasing time in culture (7 and 10 days), the basal cell layer exhibited a slightly cuboidal morphology. On day 14, the basal cells had become smaller and less clearly distinguishable. On days 10 and 14, a thin layer of flattened cells was seen in the uppermost layer, suggestive of keratinization. On the other hand, 3D cultures of HaCaT-YY1 cells stably expressing YY1 grown for 4, 7, 10, and 14 days showed markedly increased epithelial thickness ( Figure  1b, right column) . Furthermore, on days 10 and 14, HaCaT-YY1 cells showed vertical proliferation without keratinized differentiation, and some HaCaT-YY1 cells in the epithelium showed apoptotic changes with nuclear debris.
The mean thickness of the epithelial layers was measured after 4-14 days of culture (Figure 1c) . On day 4, the HaCaT-vector cultures were 16 ± 3.5 mm in thickness, but
Thickness ( that of HaCaT-YY1 cultures was 45±20 mm. The HaCaT-YY1 cultures subsequently remained almost three times the thickness of controls throughout the rest of the experimental period. These findings suggest that the constitutive overexpression of YY1 caused cell proliferation and resulted in an increase in thickness of the epithelia.
Overexpressed YY1 in HaCaT cells functionally suppressed epithelial keratinization and held the cells in an undifferentiated condition
The effects of YY1 on keratinocyte differentiation in 3D culture were analyzed by immunoblotting to monitor expression of the basal undifferentiated squamous epithelial marker K14, the early-stage differentiation marker K1, and the late-stage differentiation marker involucrin. The stratified cell epithelia formed in 3D culture were subjected to immunoblotting analysis. The levels of expression of the earlyand late-stage differentiation markers K1 and involucrin, respectively, were decreased markedly in YY1-overexpressing epithelia in comparison with controls ( Figure 2a and b). There were no differences in expression of the basal keratinocyte marker K14 associated with transfection with YY1.
To evaluate the differentiation status of the cells in each epithelial layer, we next performed histological staining of 3D cultures for several epithelial differentiation markers: that is, loricrin as a marker of terminal differentiation, involucrin and filaggrin as markers of late-stage differentiation, K10 as a marker of early-stage differentiation, and K14 as a marker of the undifferentiated state. Figure 2c and Table 1 show the results on day 10 of air exposure. There was no staining for the terminal differentiation marker loricrin throughout the whole layers of any of the samples (data not shown). Epithelia overexpressing YY1 were negative for involucrin and filaggrin ( Figure 2c , right column), whereas the upper and middle layers of control cultures showed positive immunoreactivity for these markers. The early-stage differentiation marker K10 was also detected in the upper and middle layers of control cultures, whereas YY1-overexpressing cultures were negative for this marker. Positive immunoreactivity for the undifferentiated basal cell marker K14 was detected in both YY1-transfected and control epithelia. Staining intensity for K14 was moderate to strong in all layers of YY1-overexpressing epithelia, but confined to the basal and middle layers in control cultures. www.jidonline.org 39 S Taguchi et al.
Suppression of HaCaT Cell Differentiation by YY1
These findings indicated that forced expression of YY1 in HaCaT cells functionally suppresses epithelial keratinization and holds the cells in the undifferentiated condition.
ShRNA-mediated silencing of overexpressed YY1 abrogated epithelial thickening and resulted in re-expression of differentiation markers in 3D culture
To verify that the epithelial thickening in 3D culture is a specific effect of YY1 overexpression, the expression of YY1 was suppressed in YY1-overexpressing HaCaT-YY1 cells by lentiviral vector-expressed short hairpin RNA (shRNA) treatment. Western blotting analysis indicated that the shRNA treatment efficiently repressed YY1 protein expression ( Figure 3a) . Downregulation of YY1 expression resulted in a decrease in epithelial thickness in 3D cultures of HaCaT-YY1 cells (Figure 3b and c). Silencing of YY1 also resulted in reexpression of the differentiation markers K10, involucrin, and filaggrin in the upper layers of 3D cultures of HaCaT-YY1 cells ( Figure 3b , lower panels).
YY1 reduces expression of keratinocyte differentiation marker genes in two-dimensional culture of primary normal keratinocytes Next, to confirm the role of YY1 in normal keratinocyte differentiation, we analyzed the effects of YY1 overexpression on the expression of endogenous differentiation marker genes in two-dimensional culture of primary mouse keratinocytes grown in low-or high-calcium medium. Western blotting analysis was used to monitor expression of the basal marker keratin 14, the early-stage differentiation marker keratin 1, and the terminal differentiation markers involucrin and loricrin. Differentiating keratinocytes in the presence of a high level of calcium (0.35 mM) showed marked decreases in the expression of early and terminal differentiation markers after transfection with YY1 expression vector, while there were no differences in expression of the basal keratinocyte markers keratin 14 by transfection of YY1 (Figure 4a and b) . Furthermore, the results of real-time RCR indicated that YY1 overexpression caused significant decreases in expression of the epidermal differentiation markers at the mRNA level in normal keratinocytes (Figure 4c ). These results indicated that forced expression of YY1 through calciuminduced differentiation suppressed differentiation of normal keratinocytes.
YY1 has a dominant positive effect on HaCaT cell proliferation activity
The increased thickness of multiple layers strongly suggests elevated cell proliferative potential. To examine the effects of YY1 on cell proliferation, the BrdU incorporation assay was performed under monolayer culture conditions. The level of BrdU uptake in HaCaT-YY1 cells was over 10-fold higher than that in HaCaT-vector cells or non-transfected controls ( Figure 5a ). Furthermore, we performed immunohistochemical staining for Ki-67 in 3D cultures. As shown in Figure 5b , Ki-67-immunoreactive nuclei were scattered throughout the epithelial thickness in HaCaT-YY1 cultures, but were confined to the basal and a few suprabasal layers in control cultures on day 4. These observations indicated that YY1 promotes keratinocyte proliferation in the early stages of culture with air exposure and suppresses the growth arrest occurring in the upper differentiated layers in the late culture stages.
YY1 overexpression in HaCaT cells resulted in downregulation of negative cell cycle regulatory proteins but upregulation of cell cycle activator proteins
We analyzed the effects of YY1 on expression of endogenous cell cycle and proliferation regulatory proteins in HaCaT-YY1 cells. Immunoblotting analysis was performed to monitor the expression of p21 and p16, which are negative regulators of cell proliferation, and of cyclin B1, which is an activator of G 2 /M progression (Figure 5c and d) . These analyses revealed marked decreases in levels of expression of the negative regulators after transfection with YY1 expression vector compared with empty vector alone. On the other hand, the results indicated an increase in expression of the cell cycle activator. Therefore, forced expression of YY1 in HaCaT cells resulted in downregulation of negative regulators of cell proliferation, and upregulation of the cell cycle activator. Thus, we confirmed that the YY1 gene induced cell proliferation in HaCaT cells by modulation of the intracellular levels of cell cycle regulators.
No significant difference in apoptosis between HaCaT-YY1 and HaCaT-vector cells in 3D culture as determined by TUNEL assay
The number of TUNEL-positive apoptotic cells recognized within three independent visual fields with the same magnification (original magnification Â 400) was counted in sections of 3D cultures. There were few TUNEL-positive cells in HaCaT-YY1 and HaCaT-vector cultures, and the difference between the two cultures was not statistically significant (data not shown). Thus, we confirmed that YY1 does not induce the cells to undergo apoptosis. 
Abbreviations: L, basal layer staining; M, middle layer staining; U, upper layer staining; (À), no staining; (+), mild staining intensity; (++), moderate-strong staining intensity.
DISCUSSION
We showed previously that the ubiquitous transcription factor YY1 regulates epidermal tissue-specific and differentiationspecific expression of loricrin, a major component of the cornified cell envelope of the epidermis (Xu et al., 2004) . YY1 is a member of the GLI-Krü ppel family of transcription factors, and several lines of evidence suggest that YY1 is a multifunctional transcriptional regulator, which is involved in initiation, activation, or repression of transcription depending on both the promoter and cellular context. YY1 mRNA and protein have been identified in a number of different tissues and cell types, suggesting that it is expressed both constitutively and ubiquitously (Shi et al., 1997 ). However, YY1 expression level increases rapidly in quiescent NIH3T3 cells in response to serum and insulin-like growth factor-1 (Flanagan, 1995) . YY1 DNA-binding activity has also been shown to be regulated during differentiation. For example, YY1 DNA-binding activity decreases during differentiation of human teratocarcinoma cells (Liu et al., 1994) and in myoblast differentiation (Lee et al., 1992) , but increases during aging (Adrian et al., 1996) . In addition to differentiation-specific gene regulation, a recent study also indicated that YY1 contributes to the T-cell-specific expression pattern of CD3d (Ji et al., 2002) . In epidermal tissue, YY1 protein is expressed at high levels in undifferentiated basal keratinocytes and is downregulated during differentiation in suprabasal layers of the epidermis (Xu et al., 2004) . As YY1 protein is degraded by the calciumactivated protease calpain II and the 26S proteasome during myoblast differentiation (Walowitz et al., 1998) , and intracellular calcium levels are elevated during keratinocyte differentiation (Yuspa et al., 1988) , the calcium-dependent posttranslational proteolytic mechanism may be important for specific inactivation of YY1 during keratinocyte differentiation. The 3D cell culture of HaCaT cells used in this study, in which the monolayer cells are allowed to differentiate and undergo stratification in response to air exposure, is a suitable model for the study of in vitro differentiation of keratinocytes (Ikebe et al., 2007) . Using the 3D cell culture system, we showed that surplus and constitutive expression of YY1 in HaCaT cells arrested differentiation of the cells, and that they retained the undifferentiated phenotypes of keratinocytes, including increased cell proliferation and suppression of differentiation markers, including K10, involucrin, and filaggrin. These results suggest that YY1 may have important roles in maintenance of the undifferentiated nature of keratinocytes. The majority of previous reports were consistent with the hypothesis that YY1 activation is associated with cellular proliferation, as yy1-deficient cells are characterized by slow growth (Sui et al., 2004; Vega et al., 2005) . In addition to its positive roles in normal cellular proliferation, YY1 may act as an initiator of tumorigenesis (Seligson et al., 2005; Gordon et al., 2006) . However, the role of YY1 in cell differentiation is controversial. Previous studies indicated an inhibitory role of YY1 in muscle and osteogenic differentiation induced by transforming growth factor-b and bone morphogenic protein signaling pathways (Kurisaki et al., 2003) . High levels of YY1 in proliferating myoblasts were shown to inhibit myogenesis (Lee et al., 1994) . However, the opposite role of YY1 in differentiation was reported in yy1 conditional knockout mice, in the lymphoid system (Liu et al., 2007) and in cells of the oligodendrocyte lineage (He et al., 2007) . The cell type-specific ablation of yy1 caused retention of the cells at an immature stage. Thus, the role of YY1 in cell differentiation seems to be dependent on the specific cell type.
The molecular mechanism by which YY1 regulates differentiation of keratinocytes remains unclear. However, YY1 has been shown to be involved in transforming growth factor-b and bone morphogenic protein signal transduction, which regulate cell growth and differentiation of keratinocytes (Wang et al., 1997; Kurisaki et al., 2003; Levy and Hill, 2005; Marinari et al., 2008) . YY1 may also regulate keratinocyte differentiation by controlling the expression and activity of other transcription factors, such as c-Myc, AP-1, or Sp1 (Alvarez-Salas et al., 2005; Kawada et al., 2005; Bheda et al., 2008) , which are critical for keratinocyte proliferation and differentiation (Waikel et al., 2001; Balasubramanian and Eckert, 2007; Nakamura et al., 2007) .
In conclusion, the findings of this study suggested that YY1 may have an important role in the suppression of basal keratinocyte differentiation and maintenance of the undifferentiated proliferative phenotype. Figure 4 . Downregulation of the differentiation markers in YY1-overexpressing primary normal keratinocytes. (a) YY1 expression vector was transiently transfected into two-dimensional-cultured primary normal keratinocytes and then differentiation of keratinocytes was induced by switching the culture medium from 0.05 to 0.35 mM calcium. Total cell extracts from the keratinocytes transfected with YY1 expression vector or empty vector were analyzed by immunoblotting for YY1, loricrin, involucrin, K1, and K14. (b) The relative expression levels were normalized to b-actin. Data are means ± SEM (n ¼ 3). *Po0.05 vs. vehicle. (c) Total RNAs extracted from the undifferentiated and differentiated keratinocytes described above were subjected to quantitative real-time PCR. The expression levels were normalized to that of glyceraldehyde-3-phosphate dehydrogenase mRNA. Data are mean ± SEM (n ¼ 3). *Po0.05 vs. vehicle.
MATERIALS AND METHODS
Plasmids
The plasmid pCMV-YY1-carrying human YY-1 cDNA was a kind gift from Dr Yang Shi (Harvard Medical School, Boston, MA). The construct was confirmed by enzymatic digestion and sequenced to verify the correct reading frame before use.
Cell culture
HaCaT cells were maintained in MCDB153 medium (Sigma Aldrich, St Louis, MO) supplemented with 0.1 mM calcium chloride, 10 ng ml À1 EGF (Sigma Aldrich), 1% penicillin-streptomycin solution (Sigma Aldrich), and 5% dialyzed fetal bovine serum (Gibco-BRL, Paisley, UK) as described previously (Kato et al., 1995) . Primary mouse keratinocyte cultures were prepared as described previously (Rothnagel et al., 1993) .
DNA transfection
HaCaT cells were transfected using the LT1 reagent (Panvera, Madison, WI) in accordance with the manufacturer's recommendations. DNA complex was prepared using 1 mg of plasmid, 6 ml of LT-1 and Eagle's minimum essential medium. Stable HaCaT clones transfected with pCMV-YY1 and with empty pCMV vector alone were selected and maintained in the presence of 300 mg ml À1 of the aminoglycoside antibiotic G418 (Geneticin; Gibco-BRL). Single colonies were cloned from one HaCaT cell, and the cells were proliferated in 24-well plates or in dishes 10 cm in diameter. Primary mouse keratinocytes were transfected using LT1 reagent (Panvera). To examine expression in undifferentiated keratinocytes, cells were cultured in low-calcium medium for 48 hours after transfection and then harvested. Expression in differentiated keratinocytes was assessed by growing transfected cells for 24 hours in low-calcium medium without EGF, followed by 1 day in high-calcium medium (0.12 mM calcium) and then 1 day in very high-calcium medium (0.35 mM calcium).
Immunoblotting
Cells or stratified cell epithelia formed by exposure to air were solubilized in a buffer containing 125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.002% bromophenol blue, and 20% 2-mercaptoethanol (Wako, Osaka, Japan). The total cell lysates were subjected to 8.5-10.0% SDS-PAGE. Proteins were separated by SDS-PAGE and then transferred onto nitrocellulose membranes (Bio-Rad,
Normal HaCaT
Vehicle ( 
3D culture
Human dermal fibroblasts were mixed with a neutralized type I collagen gel (Cellmatrix type IA; Nitta Gelatin, Osaka, Japan) in accordance with the manufacturer's recommendations. The mixed solution was aliquoted into six-well plates (3 ml per well) and allowed to harden for 30 minutes in a CO 2 incubator at 371C in a humidified atmosphere. HaCaT cells were then dispensed onto each gel at a density of 2 Â 10 6 cells in 3 ml of complete 3D culture medium and incubated overnight. The complete 3D culture medium consisted of a 1:1 mixture of MCBD153 and DMEM, supplemented with 10% fetal bovine serum, 10 ng ml À1 EGF, and 1% penicillin-streptomycin solution. The following day, the hardened gels were detached from the plates and incubation was continued for 1 week until the size of the contracted gel stabilized. Cell strainers (Falcon, Franklin Lakes, NJ) were placed upside down into a fresh six-well plate after removal of the strainer handles using sterilized scissors, and the 3D culture medium was poured into the wells until the nylon mesh of the strainers was covered. The contracted gel discs were then placed on the mesh so that the HaCaT cells lay on top of the gel discs and the fluid level was adjusted to just below the upper edge of the gel. It was important to ensure the gel was steeped in a sufficient amount of fluid with its surface exposed to air. Half of the culture fluid was replaced with fresh medium every other day throughout the experiment.
Measurement of thickness of epidermal layers
Sections of 3D cultured cells stained with hematoxylin and eosin were examined. The thickness of the epidermal layer was measured using a digital microscope (AX80; Olympus, Tokyo, Japan) and Flovel filing system (Flovel, Tokyo, Japan). Ten points were selected at random and measured from the basal layer to the horny layer on vertical sections.
Immunohistochemical staining
Sections of 3D cultured cells were pretreated by autoclaving in 10 mM citrate buffer (pH 6.0) before immunostaining for antigen retrieval. Cells were immunostained for YY1 (sc-1703; Santa Cruz Biotechnology), loricrin (PRB-145P; Covance), involucrin (MS-126; Thermo Fisher Scientific), filaggrin (PRB-417P; Covance), K10 (MS-611; Thermo Fisher Scientific), K14 (MS-115; Thermo Fisher Scientific), and Ki-67 (M7240; Dako, Glostrup, Denmark). All of the following procedures were carried out in accordance with the standard protocol using an En Vision kit (Dako), and sections were lightly counterstained with hematoxylin.
Quantitative real-time PCR analysis
For expression analysis of the epidermal differentiation markers, total RNA was extracted 72 hours after transfection. Reverse transcription and quantitative real-time RCR were carried out as described previously (Warabi et al., 2004) . The quantity of mRNA was normalized relative to that of glyceraldehyde-3-phosphate dehydrogenase. The primers used were as follows: K10 (forward primer: 5 
BrdU incorporation assay
HaCaT cells were seeded onto 96-well plates (1 Â 10 4 cells per 100 ml per well) and cultured at subconfluence. After 24 hours in an incubator (90% relative humidity and 5% CO 2 ) at 371C, cells were labeled with 10 ml per well BrdU and then incubated for a further 24 hours. The cells were then examined using a Cell Proliferation ELISA kit in accordance with the manufacturer's protocol (Roche Diagnostics GmbH, Penzberg, Germany). Chemiluminescence intensity was measured using a luminometer (ARVOmx; PerkinElmer, Waltham, MA).
Silencing of YY1 expression in HaCaT cells
Lentiviral particles expressing shRNA targeting the YY1 mRNA were purchased from Santa Cruz Biotechnology (sc-36863-V). Non-target shRNA control lentiviral particles (sc-108080) were also purchased from the same source as controls. HaCaT cells were transduced with the lentiviral particles according to the manufacturer's instructions for mRNA silencing in the cells. The knockdown efficiency was measured at the protein level by Western blotting.
Statistical analysis
Data are expressed as mean±SEM. Comparisons among groups were carried out using the paired Student's t-test. A P-value of less than 0.05 was considered statistically significant.
